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Although high-resistivity, low-loss silicon is an excellent material for THz transmission optics, its high
refractive index necessitates antireflection treatment. We fabricated a wide-bandwidth, two-layer antire-
flection treatment by cutting subwavelength structures into the silicon surface using multi-depth deep
reactive ion etching (DRIE). A wafer with this treatment on both sides has <−20 dB (<1%) reflectance
over 187–317 GHz at 15° angle of incidence in TE polarization. We also demonstrated that bonding wafers
introduces no reflection features above the −20 dB level (also in TE at 15°), reproducing previous work.
Together these developments immediately enable construction of wide-bandwidth silicon vacuum win-
dows and represent two important steps toward gradient-index silicon optics with integral broadband
antireflection treatment.
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1. INTRODUCTION
Optical systems at frequencies of tens of GHz to a few THz (a
range termed “THz” here for brevity) benefit greatly from the
use of silicon: its high index of refraction minimizes the thick-
ness and curvature of optical elements; its refractive index is
achromatic; it is not birefringent; its low loss, even at room tem-
perature, ensures high optical efficiency can be maintained; its
high thermal conductivity ensures it can be cooled effectively in
cryogenic applications; and its strength permits it to be used for
vacuum windows. Specific THz applications include security
imaging, remote sensing, and astronomical observations of the
cosmic microwave background and cold, dusty sources such
as star-forming regions and dust-obscured galaxies. The high
refractive index of silicon, however, necessitates antireflection
(AR) treatment. The simplest approaches, quarter-wavelength
laminated coatings or etched structures, have only narrow band-
widths, roughly 1.2:1 (νmax:νmin) with less than 1% reflectance.
Furthermore, laminated coatings require care to avoid mechan-
ical failure in applications where the optics are cooled. There
is, therefore, a need in the THz regime for a robust, broadband
(>2:1) AR treatment technique for silicon optics.
To this end, we are undertaking a multi-phase program to de-
velop broadband, AR-treated silicon optics for THz frequencies.
The long-term goal is to construct silicon optics by stacking and
wafer-bonding individual silicon wafers, each about 1 mm thick,
that have each been patterned using deep reactive-ion etching
(DRIE). In this paper, we demonstrate two key first steps: use
of a multi-depth etch process to fabricate a two-layer AR struc-
ture in silicon with < 1% (<−20 dB) reflectance over a 1.6:1
bandwidth; and, use of wafer bonding to stack wafers with no
measurable degradation in reflectance.
We quote all reflectances and transmittances in power (inten-
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A. Previous Work
The prototypical AR treatment has a quarter-wavelength layer of
dielectric material with refractive index equal to the square root
of that of the substrate. Broader bandwidths can be obtained by
using multiple quarter-wavelength layers with properly selected
indices. To maintain the advantages of silicon, any AR treatment
must have low loss, must lack birefringence, and, for cryogenic
use, must closely match the thermal contraction of silicon. Few
materials meet all these requirements and also have the correct
indices. Plastic coatings, such as parylene, are often used in
narrow-bandwidth applications with modest reflectance require-
ments [1]. Cirlex has also been used in this fashion [2]. Another
approach is an epoxy-based coating in which each layer’s dielec-
tric constant is tuned by mixing different types of epoxy or dop-
ing with strontium titanate [3]. This technique has been used to
achieve wider bandwidths, yielding a reflectance of < 10% with
bandwidths of 2.7:1 and 3.2:1 in two and three-layer coatings,
respectively. The epoxy suffers, however, significant absorption
loss: 1% for two layers and 10% for three. Furthermore, <1%
reflectance is the typical requirement. Other approaches that
have been developed include plasma spray coatings [4] and arti-
ficial dielectric metamaterials [5, 6], both of which have similar
performance for similar bandwidths.
An alternative to conventional dielectrics is to reduce sili-
con’s effective index of refraction by creating sub-wavelength
features in its surface (see Fig. 1 for an illustration). Varying
the microstructure geometry tunes the refractive index. The
loss and thermal contraction requirements are inherently ad-
dressed and such microstructures can easily be designed to be
non-birefringent at normal incidence. (No AR approach based
on quarter-wavelength structures can be non-birefringent at
non-normal incidence.)
One method to produce such microstructures is to cut them
using a dicing saw. This technique was used to cut crossed
grooves in silicon planoconvex lenses for the ACTpol experi-
ment at 150 GHz [7], producing a two-layer AR structure with
<−23 dB reflectance over a 1.3:1 bandwidth. The same group
has a prototype of a five-layer structure [8] for which measure-
ments have not been reported. Smooth-sided pyramids cut with
a beveled dicing saw have been used to obtain < 5% reflectance
over a 2.9:1 bandwidth [9]. In all realizations, the dicing saw
approach is limited to producing AR structures that consist of
crossed grooves, yielding only posts, and feature sizes are lim-
ited by practical saw blade thicknesses.
Another method is laser machining. In one demonstration,
circular holes were bored into a flat alumina sample using a
laser, giving <10% reflectance over a 1.3:1 bandwidth [10]. (Alu-
mina is lossier than silicon but has a similar refractive index.)
Other structures, such as sharp cones [11], concentric circular
grooves [12], and pyramids [13] have also been made with laser
machining. It is, however, difficult to control depth with laser
machining, and the process can be unacceptably slow for pro-
duction fabrication.
Extending to THz frequencies and increasing the bandwidth
requires finer features than conventional machining can produce.
An alternative is to use a photolithographic process to etch fea-
tures into the silicon surface. DRIE is a mature micromachining
technique that can create arbitrary patterns of deep features with
aspect ratios up to 30:1. DRIE has been used in a few demon-
strations of flat one-layer structures at THz frequencies [14–19].
Multi-layer structures have also been designed and fabricated
at THz frequencies using DRIE. In one case, the design from [7],
consisting of two layers of posts, was scaled to 850 GHz and
fabricated, but test results were not presented [14]. In a second
case, a structure using three layers of holes was demonstrated
with <4% reflectance over a 2.2:1 bandwidth (2.5–5.55 THz) [20].
DRIE, however, is not easily applicable to the curved surfaces
of powered optics and seems to have only been demonstrated
on such surfaces at much shorter wavelengths [21]. It is thought
that slumping techniques may be applicable [22, 23], though a
demonstration is not forthcoming.
B. A New Approach
Combining multi-depth etching with wafer bonding may pro-
vide a viable technique for broadband AR treatment for pow-
ered silicon optics [24]. A multi-depth DRIE technique has
been previously demonstrated [25], providing a means to pat-
tern layers with different refractive indices in a single wafer.
Multiple wafers could then be bonded together to obtain thick,
high layer-count structures needed for very wide-bandwidth
AR treatments. To produce powered optics, similar techniques
could be used to create a flat-faced gradient-index (GRIN) op-
tic, circumventing the challenge of AR-treating a curved sur-
face. A cylindrical optic with a parabolic radial index gradient
n(r) = n0 − r2/(2 f t0), where n0 is the bulk index, f is the focal
length, and t0 is the thickness provides the same focusing as a
conventional parabolic lens. The radial index gradient could be
achieved by varying the DRIE pattern across each silicon wafer.
Then, as with the AR structure, several wafers could be bonded
together to form a focusing optic of the desired thickness. The
AR structure would be integrated into the outer layers of the op-
tic, including the variation of the AR treatment with radius. This
AR-textured, GRIN silicon optic would thus present a complete
solution to the problem of constructing broadband, powered
silicon optical elements.
We consider only structures that exhibit no birefringence at
normal incidence. While even non-birefringent media exhibit
polarization-dependent reflectance for non-normal incidence,
such effects are minimized if the medium does not exhibit these
effects at normal incidence. Because square grids of circular
features or four-fold-symmetric features (e.g., squares, crosses)
are non-birefringent, we chose these as the basis for our de-
sign work. There are arguments that any structure with N-fold
symmetry with N > 2 would be satisfactory [26]. Certainly,
though, a natural extension of this approach to realize optical el-
ements with useful polarization properties such as quarter- and
half-wave plates would be to incorporate such birefringent struc-
tures. Such designs have been implemented using the dicing
saw technique [8].
This paper demonstrates two key aspects of this new ap-
proach: multi-depth etching over areas and of structures relevant
for modern THz optical systems (100-mm diameter wafers here),
and bonding of wafers patterned in this way. Future work will
seek to demonstrate larger bandwidth/layer-count structures
and AR-textured GRIN optical elements.
2. DESIGN
Our design objective was an optic with two parallel faces, as
would be used for a vacuum window, having <1% (<−20 dB)
reflectance across the 190–310 GHz atmospheric window (1.6:1
bandwidth). Our design process consisted of multiple steps.
First, we applied the well known theory of optical thin films
(e.g., [27]) and the equivalent theory of transmission-line
impedance transformers (e.g., [28]) to design AR structures with
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Fig. 1. Example of a two-layer AR structure with two different
effective refractive indices
Fig. 2. Two-layer Chebyshev antireflection treatment for sili-
con. Cyan solid line: A bare silicon surface has a reflectance
of 30% (−5.2 dB). Black solid line: At a single interface, our
two-layer design (n = 1.39 & 2.46) provides < −26 dB re-
flectance over the design band, 190–310 GHz. Red solid line:
Fabry-Pérot fringing slightly changes the passband and raises
the peak in-band reflectance for a two-sided optic. Even so,
it meets the design goal of < −20 dB reflectance across the
passband. The total wafer thickness of 1 mm includes AR treat-
ment on both sides.
multiple quarter-wavelength layers. Second, we used finite-
element analysis of one-layer microstructured silicon patterns to
determine effective indices of refraction, enabling us to choose
appropriate etch patterns for each layer. Third, we performed a
finite-element analysis of the entire multi-layer optic to verify
the performance and for comparison with measurements. While
it would be appropriate to use the finite-element analysis of the
full structure to optimize the design parameters, we did not
deem that refinement necessary for this demonstration. Finally,
we analyzed the impact of expected fabrication nonidealities.
We note that any interface between materials having different
indices is birefringent for non-normal incidence. The level of
birefringence is generally small for angles less than 30° [18].
Since our goal is transmissive optics such as windows and lenses,
we deemed this restriction on incidence angle acceptable.
A. Multilayer AR Design
Silicon’s high refractive index, nSi = 3.42 at microwave and
THz frequencies [29, 30], causes 30% reflectance at the interface
between vacuum and a bare Si surface. For a single AR layer,
the well-known optimal design has an optical thickness of one
quarter of the desired wavelength and n = n1/2Si , causing re-
flections from the front and the rear surfaces of the AR layer to
destructively interfere at the design frequency and odd harmon-
ics. A single layer, however, only provides a relatively narrow
bandwidth: 1.2:1 at −20 dB reflectance and 1.1:1 at −26 dB.
Moreover, for a two-sided optic with parallel faces, such
as a vacuum window, there will be constructive interference
whenever the total optical thickness is an integer number of half
wavelengths. To meet the design goal of <−20 dB reflectance
for the entire optic, the reflectance from each single surface must
be <−26 dB to accommodate this 6 dB Fabry-Pérot fringing. For
a powered optic (curved or gradient index), we expect the Fabry-
Pérot fringing to be no worse than the above 6 dB, and thus
this −26 dB criterion is conservative and should be sufficient for
powered optics also.
Multi-layer designs provide wider bandwidths. Of the many
possibilities, we focused on configurations in which all the layers
have quarter-wavelength optical thicknesses. Not only is this
approach well studied theoretically, it is well matched to our fab-
rication technique. Alternate approaches, including pyramids,
involve a thicker overall AR structure, more layers, or both for
equivalent performance.
Analogous to filter design, there is a compromise between the
bandwidth and the maximum reflectance in the passband. There
exists a technique using Chebyshev polynomials that provides,
for a required bandwidth and maximum in-band reflectance,
the number of layers and their refractive indices needed to meet
the requirement while providing uniform ripple through the
passband [28, 31]. There are many design tools available, in-
cluding online calculators (e.g., https://www.microwaves101.com).
Our requirement of a maximum reflectance of −26 dB over the
190–310 GHz band results in a 2-layer design with indices and
thicknesses given in Table 1 and with predicted performance
shown in Fig. 2.
These AR designs implicitly assume the refractive indices of
the layers are achromatic through the frequency range of interest.
Although this is true for bulk silicon, it is not strictly true for
microstructured silicon. Hence the realization of the AR designs
must be verified by finite-element analysis.
B. Effective Index of Microstructured Silicon
To realize the AR designs, we need to know the effective refrac-
tive index, neff, of microstructured silicon. To our knowledge,
however, there is not a comprehensive theory in the literature of
the effective refractive index of a microstructured dielectric, even
in the zero-frequency (static) limit. Although a few models pro-
vide guides for specific configurations, they are not applicable
in general and are insufficient for design purposes.
We therefore characterized microstructure geometries by us-
ing a commercial electromagnetic finite element solver, ANSYS
High Frequency Structure Simulator (HFSS), to calculate the
complex reflection and transmission spectra (S parameters). We
then fit the spectra with dielectric slab models parameterized
by an effective refractive index, neff, and an effective thickness,
teff. For a true “effective index” approach, it should not be nec-
essary to specify both parameters. We follow [7] in using these
two parameters, presumably as a first-order correction to de-
viations from a pure effective index model. We explored both
achromatic models with constant parameters and models with a
linear frequency dependence.
We modeled unit cells with microstructure features placed
between semi-infinite vacuum and semi-infinite silicon. We
placed the input and output ports at the interfaces to vacuum
and bulk silicon. We used periodic boundary conditions at
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the cell walls to emulate an infinite grid. To avoid diffraction
effects, the grid spacing, Λ, must be considerably smaller than
the vacuum wavelength, λ/Λ > (nSi + cos θ) ≈ 4, for incident
angles θ ≤ 35◦ [32]. This grid spacing is much smaller than
the 100-mm wafer diameter, so the infinite array approximation
should be valid.
Although we explored a variety of microstructure geometries,
including linear grooves, hexagonal grids, and circular features,
we restrict our attention here to square features in square grids
because we found the other geometries provided no additional
design flexibility (aside from undesired birefringence at normal
incidence). We modeled straight-walled features, both posts and
holes, as are produced by DRIE. We used feature depths close to
one quarter of the wavelength at the target spectral band’s center
frequency, 250 GHz. We parameterized the patterns by the fill
factor, fSi, which is the ratio of the silicon area to the unit cell
area. We calculated the spectra over the range 50–500 GHz and
chose a grid spacing Λ = 125 µm to obtain a wavelength-to-grid
ratio 48 ≥ λ/Λ ≥ 4.8.
The results (Fig. 3) show, as expected, the effective index is
smaller when there is less silicon, i.e., when fSi is smaller. Holes
and posts, however, are significantly different. Posts have a
lower effective index than holes when the fraction of silicon is
the same. Crosses, formed by indenting the corners of square fea-
tures, are intermediate between square holes and square posts.
The aspect ratio of their arms and the fill factor both determine
their effective indices [33]. For holes, a simple linear model
(neff − 1) = fSi(nSi − 1) provides a reasonable design guide,
although it slightly underpredicts the index when the fill factor
is small, fSi < 30%. An effective capacitor model [14, 20, 34] sys-
tematically underestimates the effective index for fSi > 30%. For
posts, an effective capacitor model [34] provides a general guide
but systematically underestimates the effective index, possibly
because this static theory does not include high-frequency effects.
For convenience, we fit our results for square posts with a quartic
polynomial: (neff − 1) = 4.9 f 4Si − 6.28 f 3Si + 3.11 f 2Si + 0.66 fSi. Al-
though this fit is only strictly applicable for square posts with the
cell size and the frequency range we simulated, it is nevertheless
a useful design guide.
Three effects complicate the relation between microstructure
geometry and effective index. First, the effective thickness of the
microstructured layer differs by a few percent from the physical
thickness. The magnitude and sign of this difference depend on
both the feature geometry and the fill factor. Second, because the
wavelength-to-grid ratio is frequency dependent, the effective in-
dex and thickness are also frequency dependent. The magnitude
and sign of this chromaticity also depend on both the feature
geometry and the fill factor. For holes, we found a positive gradi-
ent in the effective index, ≈ 0.5–1.5× 10−4 GHz−1, while posts
show a negative gradient of similar magnitude. Third, in a multi-
layer structure, there will be interactions at the layer interfaces
that are not captured by modeling each layer in isolation. As
a result, any wide-bandwidth, multi-layer AR design must be
simulated as a whole to determine its performance.
The difference between holes and posts is of great practical
importance when choosing the geometry to use for each layer of
the AR structure. For an effective index near that of bulk silicon,
the fill factor is close to unity and thus the aspect ratio of the
removed material is critical to how feasible the structure is: it
is difficult to achieve aspect ratios larger than 30:1. Holes are
thus generally easier to physically realize for such high indices
because the fill factor at a desired index is lower than for posts.
Conversely, an effective index near unity necessitates low fill
Fig. 3. Effective refractive index, neff, of microstructured sili-
con determined from HFSS calculations. The feature geome-
tries, square holes, cross holes, cross posts, and square posts,
all in a square grid, are parameterized by the fill factor, fSi.
The widths of the cross arms are 35% of the extent of the en-
closing square. Several models are shown for comparison:
linear interpolation for holes, a quartic polynomial for posts,
and an effective capacitor model for both holes and posts [34].
factor. Because one must remove so much material, the etching
aspect ratio is no longer challenging in general. Instead, the con-
cerns are now the robustness of the transversely thin structures
left by etching and the fractional inaccuracy in their transverse
dimensions due to etching tolerances (in dimension and in verti-
cality). For this case, posts are the better choice because one must
leave more material behind to realize a given refractive index,
making the design more robust and less sensitive to fabrication
imperfections. For a given fill factor, crosses have effective index
values intermediate between those of square holes and posts.
Given the geometries of other layers, crosses may thus provide a
means to obtain a desired effective index that is less demanding
of the fabrication process than holes or posts.
Additionally, one must consider the relative geometry of
posts and holes on different layers, and the considerations de-
pend on the manufacturing technique. Etching the entire multi-
layer structure from the vacuum side alone would require the
transverse dimensions of the retained material on a given layer
be smaller than the corresponding dimensions of lower layers
(greater neff) and larger than those of a higher layers (smaller
neff): i.e., like a wedding cake. This constraint has the greatest
impact at the point where the design transitions from posts to
holes, which is where neff ≈ n−1/2Si : it may not always be possi-
ble for the post width to be compatible with the wall thickness
of the immediately underlying hole layer. (Though, for square
structures, rotations of one layer by 45° can extend the regime
of compatibility (as we do below).) By wafer-bonding etched
structures [24], one can circumvent this constraint by fabricat-
ing subsets of the layers on individual wafers using etching
from both sides followed by wafer-bonding the etched wafers
together, as we plan to do for our proposed four-layer design in
Section 8.
The above discussion highlights the flexibility of our ap-
proach. For example, in contrast, the dicing saw technique
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can only produce post structures. Furthermore, any technique
must use wafer bonding to circumvent the above issue of layer-
to-layer dimensional compatibility. Relative to dicing saw and
laser techniques, etching permits use of the thinnest wafers in
concert with wafer bonding.
C. Microstructure Design and Refinement
Table 1. Antireflection structure design parameters
Layers nAR t [µm] Shape s [µm]
one 1.85 162 post 99
one 1.85 162 hole 101
two
1.39 216 rotated post 72
2.46 122 hole 77
We fabricated three AR treatments for silicon (nSi =
3.42): a single layer of posts, a single layer of holes,
and a layer of rotated posts above a layer of holes.
All features are squares of size s in a square grid
with Λ = 125 µm spacing. All layer thicknesses, t,
are one quarter wavelength at the target bandpass’s
center frequency ν0 = 250 GHz.
Fig. 4. Schematic of the hole and post structures for the two-
layer AR structure, neglecting the intrusions in the post walls
and other fabrication nonidealities.
Combining our AR designs (Section A) with our calcula-
tions of the effective index of microstructures (Section B), we
designed both one- and two-layer AR treatments for fabrication.
We directly applied the effective index calculations to obtain
the one-layer designs (Table 1). Although their fill factors are
quite different, both holes and posts have similar transverse
dimensions and both are equally straightforward to fabricate.
For the two-layer design, we applied the aforementioned con-
siderations about the relative ease of fabricating holes and posts
to focus on a design consisting of a layer of square posts above a
layer of square holes with dimensions as given in Table 1. We
situated the posts above the intersections of the walls of the
holes in order to fabricate the structure by multi-depth etching
from the vacuum side alone. Even then, the posts intruded into
Fig. 5. (Left) Three-dimensional model of the two-layer AR
structure shown in Fig. 4. (Right) HFSS periodic cell used for
the simulations, now incorporating tapering of vertical walls
and cupping of the bottoms of etched features characteristic
of the DRIE process (Section D). We do not show the filleted
corners or the intrusions into the posts due to the hole-etching
step.
Fig. 6. HFSS calculations of our nominal two-layer AR design
and of the impact of fabrication nonidealities on its perfor-
mance. We describe the modeled nonidealities in Section D.
We show the simulated performance of the idealized structure
(solid black), of the structure with any one of the nonideali-
ties included (dot-dashed), and of the structure with all of the
nonidealities included (dashed blue).
the holes slightly. We minimized this intrusion by rotating the
posts by 45°. See Fig. 4 and Fig. 5. For HFSS modeling, we
allowed the 72 µm width of the posts to extend beyond the
available diagonal dimension of 67.9 µm, resulting in a 2.9 µm
chamfer of the 77 µm holes at each corner. In practice, we al-
lowed the hole etch pattern to act on the post layer, resulting in
right-triangular intrusions of the holes into the post walls with
side length 2.9 µm and hypotenuse 4.1 µm. The good match
of the HFSS calculations to the data in Section 6 confirms these
differences do not yield discrepancies above −20 dB reflectance.
For completeness, we also modeled designs consisting of two
layers of square holes and two layers of square posts, and we
found all three designs yielded similar behavior, though with
some variation in the heights of the reflectance maxima.
We did not further optimize this design for minimum in-band
reflectance or to strictly satisfy the desired 190–310 GHz band
definition prior to manufacture. The HFSS analysis of a flat,
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Fig. 7. SEM images of one-layer AR structures. (Top) Square posts. (Bottom) Square holes. (Left) Isometric view. (Right) Cross-
section view of cleaved samples.
1 mm thick wafer with the structure on both sides (Fig. 6) indi-
cated the passband of the structure would be shifted to slightly
lower frequency than desired, <−20 dB over 160–280 GHz.
Rather than refine the design to precisely match the desired
band, we deemed it more important to demonstrate the struc-
ture could be reliably fabricated and accurately modeled. The
shift may be due to interaction between the two layers.
D. Effects of Fabrication Nonidealities
Although our DRIE process (Section 3) allows us to fabricate pat-
terns that closely match our idealized rectilinear designs, SEM
images (Fig. 7 and Fig. 8) show the fabricated patterns do not
perfectly reproduce the designed geometry: the bottoms of the
holes, along with the spaces between the posts, show a cupped
profile; the transverse dimension of the etch tends to expand
with depth, resulting in posts that are slightly narrower at the
bottom compared to the top and holes that are slightly wider
at the bottom compared to the top; and, none of the edges are
perfectly sharp, but instead have a slightly rounded, or filleted,
profile.
To quantify the impact of these fabrication nonidealities on
the performance of our two-layer AR design, we performed
calculations using HFSS at normal incidence, assuming a 1 mm
total wafer thickness (including the etched layers on both sides,
as fabricated (Section 3)). We included the above nonidealities
based on their typical sizes as measured by SEM: we approxi-
mated the cupped profiles at the bottom of the etched volumes
using linear pyramidal shapes with 10 µm heights; we modeled
the horizontal dimensions of the posts/holes with linear profiles
that expanded by 4 µm from top to bottom; and, we added a
2 µm radius fillet to all sharp edges and corners. We show the re-
sults in Fig. 6. The nominal design provides<−20 dB reflectance
over the band 160–293 GHz. The largest effects are: tapering
the holes causes one Fabry-Pérot fringe to rise a small fraction
of a dB above −20 dB; and, tapering the posts causes the band
to narrow slightly, shifting the band edges inward by 2–3 GHz.
When we include all the nonidealities, the effects partially cancel,
with the most important result being a slight upward shift of the
band edges by 1–2 GHz. Overall, these simulations indicated
that the modeled nonidealities had noticeable but acceptably
small effects on performance.
3. FABRICATION
A. Substrates
We used 100 mm diameter, 1 mm thick wafers<100>wafers, op-
tically polished on both sides and specified to have bow/warp
<30 µm, total thickness variation <5 µm, and no more than
10 particles above 0.3 µm in size per face. The material is
high-resistivity float-zone silicon, lightly n-type doped with
phosphorus, with >10 kΩ cm resistivity. The implied loss tan-
gent should be <7 × 10−5 at 250 GHz and room temperature,
resulting in a loss of <0.1% over the 1 mm thickness (with
tan δ = (2piνe0erρ)
−1 where ν is the frequency, e0 the permittiv-
ity of vacuum, er the relative permittivity of silicon, and ρ its
resistivity). Though not immediately relevant here, we note for
completeness that the specification on minority carrier lifetime
is >1 msec.
B. Antireflection Structure Fabrication
Deep reactive-ion etching (DRIE) is a dry etching technique,
relying on plasma-etching of bulk silicon. We employed the
Bosch technique because it is known to produce nearly vertical
sidewalls, high aspect-ratio features, and is compatible with
mass production [35]. It utilizes SF6 and C4F8 as the main gases,
with alternating etching and passivation steps [36]. It is compat-
ible with various mask materials, including photoresist, silicon
oxide/nitride, or metals. In all cases, the desired etch depth
divided by the DRIE process selectivity (the ratio of silicon to
mask material etch rates) determines the mask thickness.
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Fig. 8. SEM images of two-layer AR structure. (Left) Top view. (Center) Isometric view. (Right) Cross-section of cleaved sample.
For multi-layer AR structures, we began with the multi-step
DRIE process previously reported in [25], where the SiO2 mask
was patterned with steps of different thicknesses, each in pro-
portion to the desired etch depths of the silicon layers. We made
one modification for this work, using a photoresist mask for the
etch of the highest-index layer (closest to bulk silicon), due to
differences in process details. In particular, we found that the
DRIE process has poorer selectivity between SiO2 and silicon
than in [25]. This may be due to the larger volumes of silicon
being removed. This observation, along with the larger etch
depths used here (338 µm total etch depth here, 254 µm in [25]),
would have necessitated an impractically thick SiO2 mask for
the last etch step, motivating the use of photoresist instead. That
is, we used a single photoresist mask on top of a single SiO2
mask to fabricate our two-layer design. (For one-layer struc-
tures, we used only a SiO2 mask.) We grew the thick (∼2 µm)
SiO2 mask under water vapor at 1050 °C directly on the silicon
wafers. We patterned the SiO2 into a mask using an Inductively
Coupled Plasma (ICP) machine with O2 and CHF3 gases and
an etch rate of about 250 nm min−1. We used conventional UV
photolithography to expose the photoresist mask, which was
spun on after the SiO2 was patterned.
We etched the silicon with a Plasma-Therm VERSALINE
Deep Silicon Etcher, using a modified 3-step Bosch process: pas-
sivation step, etch A step, etch B step. In addition to traditional
SF6 and C4F8 gases, we added Ar to each of the three steps
to keep the plasma stable during the short transitions. To pro-
vide smooth surfaces and vertical sidewalls for even the large
aspect-ratio features, and to remove the large amounts of silicon
demanded by our design, we optimized the gas ratio, step tim-
ing, and power levels. We performed the etches at a chamber
pressure of 20–35 mTorr, gas flow rates of 100–150 sccm for SF6
and C4F8 and 30 sccm for Ar, inductively coupled plasma RF
power of 1500 W, and a chuck temperature of 15 °C. We also
bias the substrate with RF power (we do not supply this power
value because it is very machine-dependent). Each step in the
process is a few seconds long, with specific lengths depending
on the desired etch depth and calibration from test wafers. The
first DRIE step, using the photoresist mask, nominally provided
an etch depth of 122 µm to produce the hole features of the
deepest AR layer (but see below for a correction to this depth).
The photoresist mask protected the post regions as well as the
walls between the holes. After stripping the photoresist, the
second DRIE step etched a depth of 216 µm more, bringing both
patterns to their target depths. The SiO2 mask protected the
posts during this step.
During initial testing, we found that, during the second etch
Fig. 9. SEM of boundary between bonded wafers with hole
AR structures. No gaps are visible at the boundary at this reso-
lution, though some imperfections are present.
step, which both creates the post layer and extends the holes
down to their final depth, the etch rate of the deeper hole layer,
relative to that of the post layer, slowed down dramatically with
time due to its depth in the silicon. To overcome this issue, we
over-etched to 190 µm (as opposed to 122 µm) during the first
etch step. With this change, the holes reached their final target
depth of 338 µm (= 122 + 216 µm) as the post layer reached its
final 216 µm depth target. Additionally, to compensate for the
slight undercut during DRIE, we augmented the feature dimen-
sions on the photolithographic mask by 2–3 µm on each side
relative to the design, with the corrections determined empiri-
cally by etching pathfinder wafers. Overall, we found the first
step to have an approximate silicon-to-photoresist selectivity of
25:1 for an etching time of 56 min and the second step to have a
silicon-to-SiO2 selectivity of 140:1 for an etching time of 68 min.
After etching, the remaining SiO2 mask was removed with
hydrofluoric acid and the wafer was cleaned with an O2 plasma
for 1 hr at 1000 W. We also performed a short thermal oxidation
and etching step to improve the etched surfaces’ morphology
and smoothness [37]. We grew a sacrificial layer of SiO2 in an ox-
idation furnace at 1050 °C using water vapor for approximately
1 hr, which we then removed with the above recipe.
After DRIE, we verified the depths by scanning electron mi-
croscopy (SEM), shown in Fig. 7 and Fig. 8. We demonstrated
good control of all lateral dimensions (A, B and C from Fig. 4).
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Fig. 10. Schematic of the test bench.
C. Wafer Bonding
As explained in Section B, wafer-bonding of patterned silicon
wafers is integral to our approach for constructing broadband,
antireflection-textured, gradient-index silicon optics. We employ
a standard process, “hydrophilic fusion bonding” (also known
as “hydrophilic direct bonding”) [23, 38], which has been used
in prior work on one-layer AR structures [14].
Prior to bonding, we performed cleaning and oxidation steps
to ensure a high-quality bond. We began by using a 1:1 mix-
ture of sulfuric acid (H2SO4) and hydrogen peroxide (H2O2)
(also known as Piranha solution) for about 10 minutes to re-
move organic residues, followed by a long rinse under water.
We followed this with a 1 hr O2 plasma clean. We then grew
a thin (∼500 nm) layer of SiO2 via a 1 hr exposure to water
vapor in an oxidation furnace at 1050 °C with a nitrogen atmo-
sphere. Finally, immediately before the initiation of the bond,
we performed a two-step cleaning process with solutions of
RCA-1 (H2O/H2O2/NH4OH (5:1:1)) heated to 80 °C and RCA-2
(H2O/H2O2/HCl (4:1:1)) heated to 70 °C to remove any remain-
ing organic and/or metallic particles.
Next, to initiate bonding, we aligned the two silicon wafers
using a contact mask aligner with backside capabilities and
brought them into contact, forming van der Waals bonds be-
tween the wafers. We allowed the wafers to rest for at least 12
hours at room temperature to provide time for any bubbles to
dissipate and to release surface tension between the two wafers.
We strengthened the still temporary bond by bringing the two
wafers to 450 °C for at least 12 hours. After this step, we in-
spected the wafer pair under an IR microscope for any remain-
ing bubbles or voids. Unsatisfactory inspection results would
have led us to separate the wafers and restart the process, but we
had no such failures during bonding of the sample reported on
in Section 7. Finally, we proceeded to create a chemical bond [39]
between the wafers by heating them to 1050 °C. Since the quality
of the bond increases for longer annealing times, we annealed
our wafers for 1–3 days in a dry environment (no water vapor).
The thermal oxide layer grew to a thickness of 0.4–1 µm during
this step. We show a cross-section of a bonded wafer in Fig. 9.
4. MEASUREMENT SETUP
We used a scalar spectrometer (Fig. 10) to measure the reflectance
and transmittance of samples between 75 GHz and 330 GHz.
The signal generation chain begins with a frequency synthesizer
outputting a 20–40 GHz signal that is amplitude modulated
(10 Hz for the data shown here). We amplify and triple this
signal, with the tripler having sufficiently high output power
between 75 and 115 GHz. We follow the tripler with an isolator
to mitigate standing waves, a W-band amplifier, a directional
coupler to provide a monitor signal, and finally a rectangular
feedhorn for measurements in the 75–115 GHz band (designated
as “Band 1”). We use a lookup table based on the measurements
of the monitor signal to power-level the W-band signal and, for
the higher-frequency bands, protect the doubler/tripler. The
output signal is polarized normal to the optical bench and hence,
relative to the sample, normal to the plane of incidence or TE. For
measurements at higher frequencies, we employ another isolator,
either a doubler (to reach “Band 2”: 140–220 GHz) or a tripler
(to reach “Band 3”: 220–330 GHz), and a band-appropriate rect-
angular feedhorn. Fig. 10 shows, in dark red, the power levels at
various points in the multiplier chain as well as the band-specific
power at the output of the chain. Fig. 10 also lists identifying
information for each element of the setup.
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Fig. 11. Top view of the test setup.
We attenuate the signal emitted by the generation chain with
an Eccosorb® HR-10 foam absorber (attenuation increasing from
−10 dB in Band 1 to about −20 dB in Band 3) to mitigate stand-
ing waves. A parabolic mirror then collimates the beam and
directs it to the sample. We mount the samples to be measured
in a translating support that makes a 15° angle with the incident
beam. The support has three measurement locations for sam-
ples and two calibrator locations, one used for a mirror and the
other with no element (for full transmission). To measure the
transmission of a sample, we calculate the ratio of the power
transmitted by the full transmission calibrator and by the sam-
ple, while the reflectance is the ratio of the power reflected by the
sample and by the mirror. For both the reflection and transmis-
sion arms, we focus the signal from the sample via a parabolic
mirror to a feedhorn coupled to a Schottky diode power detec-
tor. We monitor the diode voltages with lockin amplifiers. We
use band-appropriate feedhorns and diode detectors. To reduce
unwanted reflections, we cover all flat surfaces with the same
foam absorber as used above (see Fig. 11).
In order to accurately evaluate the intensity distribution and
wavefront of the beam along the optical path, especially at the
sample and at the receiving horn positions, we used Feko® to
simulate the propagation of the beam (Fig. 12). The simulation
uses the Multi-Level Fast Multipole Method (MLFMM) solver,
which is based on the method of moments. In addition to ba-
sic Gaussian-beam propagation calculations (which can be per-
formed without the use of electromagnetic simulation software),
it is possible to use the real, imperfectly Gaussian shape of the
beam emitted by the horn for each of the three bands. The simu-
lation also accounts for the transformation of the beam by the
parabolic mirrors and the slight truncation of the beam by the
different elements (mirrors, sample).
The setup suffers modest systematic effects arising from the
modification of the beam propagation by the sample. Because of
the 15° incidence angle, a 1 mm thick silicon sample shifts the
beam transversely by 0.19 mm. Additionally, as detailed in [40,
41], when a Gaussian beam passes through a flat dielectric slab
(even at normal incidence), the waist position of the transmitted
beam differs from that of the incident beam. For our setup
and our typical silicon sample thickness of 1 mm, this effect
artificially shortens the distance between the beam waist and
the post-sample parabolic mirror (in the transmission arm only)
Fig. 12. Propagation of the Gaussian beam along the optical
path of the test setup at 100 GHz (Band 1) using Feko®. This
figure is the combination of the near-field patterns given by
two simulations, one with no sample and one with a perfectly
reflective sample. See text for details.
by 0.7 mm. We used Feko® to quantitatively evaluate these
two effects, finding a 0.4% reduction in power received at the
transmission-arm detector at 100 GHz and 0.5% at 300 GHz.
For the reflection arm, the effect only occurs for the component
of the signal reflected from the backside of the sample, so it
modulates an already small reflectance by a few percent relative.
(It would be more important for samples with higher reflectance.)
The sub-1% systematic error on the transmission measurement
was not important for this work, as we relied entirely on the
reflectance measurement to quantify the effectiveness of the
AR structure specifically for the above reason: multiplicative
systematic uncertainties are much less important for the near-
zero reflectance.
5. ONE-LAYER SAMPLE MEASUREMENTS AND COM-
PARISON TO FINITE-ELEMENT ANALYSIS
Table 2. Dimensions of one-layer AR structures

















We compare the design and measured (by SEM) dimen-
sions for the two one-layer single sided wafers. The top
and base dimensions of the posts and holes are the width
at the top of the structures (toward vacuum) and at the
base (toward bulk silicon), respectively. All layers use a
125 µm cell size (grid spacing).
In order to validate the fabrication technique and the test
setup, we first fabricated and measured two one-layer AR struc-
tures, one with square holes and one with square posts (see
Fig. 7). We optimized the designs for maximum transmission at
250 GHz, resulting in the dimensions given in Table 2. We fabri-
cated these structures using DRIE as described in Section 3. SEM
measurements of a cleaved wafer confirmed that the dimensions
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Fig. 13. Reflectance and transmittance measurements of sili-
con wafers with one-layer AR structures. We compare to the
results of finite element calculations using the design (dashed
line) and measured (solid line) dimensions (Table 2) and 15°
incidence angle. (Top) A single layer of square posts on one
side of a wafer. (Middle) A single layer of square holes on one
side of a wafer. (Bottom) A single layer of square holes on both
sides of a wafer. Note the upper two panels use linear vertical
scales while the bottom uses a logarithmic vertical scale to em-
phasize the low reflectance. We discuss possible explanations
of the modest discrepancies between simulation and data in
the text.
of the fabricated structures were close to the design dimensions
(within ±6%). We tested the samples using the setup described
in Section 4. We present the reflectance and transmittance results
of these one-layer AR coatings in Fig. 13. Their good agreement
with the HFSS calculations validates the one-layer HFSS calcula-
tions, the fabrication process, and the testing setup, important
steps toward multi-layer AR structures. It may be possible to
explain the modest discrepancies by the same effects we discuss
in Section 6.
6. TWO-LAYER SAMPLE MEASUREMENTS AND COM-
PARISON TO FINITE-ELEMENT ANALYSIS
Our two-layer design, presented in Fig. 4 and Fig. 5, consists
of a top layer of square posts (neff = 1.39) and a bottom layer
of square holes (neff = 2.46), designed for a bandpass centered
on 250 GHz. We used the multi-depth DRIE process described
in Section 3. We measured both samples with our test bench,
and we cleaved and analyzed one of these samples with a SEM
(Fig. 8) to obtain accurate dimensions. The two sets of optical
measurements were quite consistent, indicating reproducibil-
ity of the AR structures. We updated the HFSS simulations
described in Section C using the dimensions derived from the
SEM measurements (see Table 3) so that discrepancies would
inform us about differences between theory and measurement,
as well as random variations across the wafer, rather than being
dominated by the mean differences between the designed and
fabricated structures.
Table 3. Dimensions of two-layer AR structure



























We compare the design and measured (by SEM) dimensions
on each face of the cleaved wafer. The top and base dimen-
sions of the posts and holes are the width at the top of the
structures (toward vacuum) and at the base (toward bulk
silicon). The letters (B, C, T1, T2) refer to the dimensions
in Fig. 4. All layers use a 125 µm cell size (grid spacing; di-
mension A). The thickness of the wafer is 996 µm, which is
within the range provided by the manufacturer, Waferpro®,
(1000± 10 µm).
Fig. 14 shows the reflectance and transmittance results of one
of the tested samples, compared with both the original and up-
dated HFSS simulations. The sample shows<−20 dB reflectance
over the band 187–317 GHz, meeting our 190–310 GHz design
goal. The measured reflectance agrees very closely with the
simulation incorporating the SEM measurements, with discrep-
ancies only below −20 dB. An alternate technique that measures
reflectance at normal incidence, not described here, agrees with
these measurements to better than 1 dB precision after correcting
for the incidence angle (black crosses in Fig. 14).
The remaining discrepancies with the simulation probably
arise from small nonidealities created by the etching process.
We modeled some of these effects in Section D to characterize
their magnitude, but we expect our model for these effects is
only approximate. In addition, because the HFSS simulations
assumed periodic boundary conditions, they could not account
for systematic or random variations with position. In particular,
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Fig. 14. Reflectance and transmittance measurements of a silicon wafer with two-layer AR structures on both sides compared to
finite-element simulations. (Left) Linear vertical scale. (Right) Logarithmic vertical scale. We show finite-element calculations
with the design dimensions (dashed line) and with the dimensions measured from SEM images (solid line), as listed in Table 3.
Both calculations incorporate the 15° angle of incidence of the measurement as well as the actual wafer thickness (996 µm). These
changes result in a shift of 3 GHz and some differences in the in-band reflectance relative to the design calculation shown in Fig. 6.
The black crosses show the reflectance measurement of the same wafer at normal incidence between 200 GHz and 330 GHz, with an
alternate technique, as mentioned in the text.
we determined that the etch depth varies by ±10% from the
nominal value, shallower at the center and deeper at the edge,
and the taper angle of the walls also varies slightly with radius,
from 0° at the center to no more than 1° at the edge, though we
have not precisely characterized the range. All these unmodeled
nonidealities seem to only produce features below our −20 dB
specification and thus do not merit further modeling.
The measurements do show a roughly 8 GHz shift relative to
the original HFSS model, as measured below 100 GHz (the shift
must be measured well away from the desired passband because
the phasing of the Fabry-Pérot fringing can significantly move
the passband edges, as defined by the −20 dB transmission
points). This shift is largely due to the differences between
the etched and design dimensions (±8%). The second tested
wafer showed the same shift, so we believe the differences are
systematic and reproducible. We are therefore confident we can
reduce this shift substantially by accounting for these systematic
differences with modest changes to the photolithographic masks
and etch times.
The deviations from unity transmittance are likely due to mea-
surement systematics, motivated by the observation that the
deviations are not monotonically increasing with frequency. We
described in Section 4 systematic effects in the test setup at this
level. The obvious alternative explanations, loss and scattering,
would not yield such non-monotonic behavior. Moreover, as we
explained quantitatively in Section 3, the loss expected given
the high resistivity of the bulk silicon is much smaller than the
observed deviation from unity transmittance. It may be possible
to use alternative measurement techniques to reduce these trans-
mittance systematics, but they do not have a significant effect on
the reflectance measurement.
7. IMPACT OF WAFER BONDING ON PERFORMANCE
Our overall approach (Section B) to producing broadband,
antireflection-textured, gradient-index silicon optics involves
wafer-bonding of patterned wafers using the technique de-
scribed in Section C. As a first step toward demonstration of the
process with etched wafers, we fabricated wafers with one-layer
AR structures on one side (both the hole and post designs of
Section 5), bonded the unpatterned faces together, and tested their
Fig. 15. Reflectance and transmittance measurements of one-
layer AR structures on two bonded silicon wafers compared to
finite-element calculations using the design (dashed line) and
measured dimensions (plain line) (Table 2), for a 15°angle of
incidence. (Top) Square posts. (Bottom) Square holes.
performance. We show the bonded interface in Fig. 9 and the
reflectance and transmittance results in Fig. 15.
The sample using holes shows excellent performance: the
bandwidth over which we observe <−20 dB reflectance is com-
parable to that of the sample employing a one-layer structure
on both sides of a single wafer (Fig. 13). The agreement with
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theory is also good, though the Fabry-Pérot pattern shows some
deviations in the frequency band of interest. The sample using
posts does not perform as well, with a Fabry-Pérot interference
maximum rising up above −20 dB near the center of the desired
band. The measured dimensions partly explain the degraded
performance. Even then, the Fabry-Pérot pattern shows the same
kind of discrepancy in the desired band as we see in the wafer
with holes. These discrepancies are probably caused by varia-
tions of the structures’ dimensions over the surface of the wafers,
as explained in Section 6. We believe they are not germane to
the quality of the wafer bond: it was observed in [14] that a gap
between wafers causes a distinctive, double-Fabry-Pérot pattern,
which we do not observe here. We think it is reasonable to con-
clude that such effects, if present, are well below our −20 dB
criterion. Overall, this successful demonstration of wafer bond-
ing is a necessary (but not sufficient) condition for bonding of
patterned faces, our planned technique for structures requiring
four or more layers, to yield acceptable performance.
8. APPLICATION OF OUR WORK TO FUTURE DEVEL-
OPMENT EFFORTS
We have demonstrated the fabrication and optical performance
of a two-layer, two-geometry (post and hole) antireflection struc-
ture on flat silicon suitable for THz applications. While this tech-
nique provides a 1.6:1 bandwidth, which is sufficient to cover,
for example, the 190–310 GHz atmospheric window, broader
bandwidths and/or focusing optics are desirable for a range of
applications. Our techniques can be expanded to achieve these
goals by bonding together multiple wafers with such patterned
structures. We have already demonstrated that adequate optical
performance is maintained after wafer-bonding of unpatterned
silicon surfaces. Bonding of patterned surfaces is, therefore, a
natural, although likely nontrivial, extension of our techniques.
To this end, we have designed a straw-person four-layer struc-
ture that would employ bonding of patterned wafers (Fig. 16).
HFSS calculations indicate it will have a 4:1 bandwidth, which
would be sufficient to cover, for example, the atmospheric win-
dows at 125–170 GHz, 190–310 GHz, and 335–355 GHz. The
top two layers use round and square posts, while the bottom
two layers use square holes. The large etch depths of the post
layers, along with the manner in which they intrude into the
hole layers, make it impossible to fabricate the entire structure
via multi-depth etching of a single wafer from the vacuum side.
Instead, we would pattern the two hole layers into a substrate
silicon wafer via multi-depth etching as we have demonstrated
here, pattern the higher-index post layer into a thin silicon wafer,
bond the patterned faces together, and then etch the lower-index
post layer into the vacuum side of the bonded structure. Even
broader bandwidths should be possible using similar techniques.
For example, a seven-layer design would be capable of covering
a 6:1 bandwidth, which is sufficient for all of the atmospheric
windows between 80 and 420 GHz .
We anticipate the patterned structures we have demonstrated
here can also be used to fabricate a gradient-index focusing optic.
Obtaining adequate optical performance may require extreme
aspect ratios for the features near the center and edges of the
lens, and such features may be realizable by bonding patterned
surfaces in the same manner as described above. Based on our
current straw-person designs, the bonding surfaces for some
of the structures will likely be smaller than those used for the
antireflection structures, and thus adequate bonding may be
more challenging to realize.
Fig. 16. Schematic of a straw-person four-layer AR design, ne-
glecting fabrication nonidealities. The features labeled T3 and
T4 on the left would be patterned on one silicon wafer while
the feature labeled T2 would be patterned on a separate sili-
con wafer. The two patterned surfaces would then be bonded
and the feature labeled T1 would then be patterned to pro-
duce the final geometry. This AR structure would provide 4:1
bandwidth (see text).
9. CONCLUSIONS
We have successfully demonstrated a 1.6:1 bandwidth antireflec-
tion structure on a flat silicon wafer. A silicon wafer patterned
with this structure on both sides shows<−20 dB reflectance over
the spectral band 187–317 GHz at 15° angle of incidence in TE po-
larization. We believe observed deviations from unity transmis-
sion are not due to loss or scattering but rather to measurement
systematics. We have also demonstrated that wafer-bonding of
unpatterned faces introduces no degradation in optical perfor-
mance observable above the −20 dB level (also in TE at 15°).
These are important steps in the development of broadband,
antireflection-textured, gradient-index optics.
Funding. NASA (NNX15AE01G)
Acknowledgment. We performed this work at the California In-
stitute of Technology, the Caltech Submillimeter Observatory
Hilo office, the Harvard-Smithsonian Center for Astrophysics,
and the MicroDevices Laboratory of the Jet Propulsion Labora-
tory (operated by the California Institute of Technology under a
contract with the National Aeronautics and Space Administra-
tion).
The authors thank A. Bose for early, pathfinding HFSS sim-
ulation work, K. McClure for contributions to the HFSS toler-
ancing simulations, K. Yee for performing the wafer-bonding
steps, J. Wong for contributions to the test setup control code,
E. Padilla for undertaking preparatory measurements of the two-
layer structures, C.-Y. E. Tong for participation in the Fig. 14
alternate technique measurements, and T. Macioce for contri-
butions to the text of the paper. C. de Young acknowledges
support from an SAO Internship. D. Bisel, K. Deniston, and
S. Stoll provided able administrative support.
Research Article Applied Optics 13
REFERENCES
1. A. J. Gatesman, J. Waldman, M. Ji, C. Musante, and S. Yagvesson,
“An anti-reflection coating for silicon optics at terahertz frequencies,”
IEEE Microw. Guid. Wave Lett. 10, 264–266 (2000).
2. J. Lau, J. Fowler, T. Marriage, L. Page, J. Leong, E. Wishnow, R. Henry,
E. Wollack, M. Halpern, D. Marsden, and G. Marsden, “Millimeter-wave
antireflection coating for cryogenic silicon lenses,” Appl. Opt. 45, 3746–
3751 (2006).
3. D. Rosen, A. Suzuki, B. Keating, W. Krantz, A. T. Lee, E. Quealy, P. L.
Richards, P. Siritanasak, and W. Walker, “Epoxy-based broadband
antireflection coating for millimeter-wave optics,” Appl. Opt. 52, 8102–
8105 (2013).
4. O. Jeong, A. Lee, C. Raum, and A. Suzuki, “Broadband Plasma-
Sprayed Anti-reflection Coating for Millimeter-Wave Astrophysics Ex-
periments,” J. Low Temp. Phys. 184, 621–626 (2016).
5. J. Zhang, P. A. R. Ade, P. Mauskopf, L. Moncelsi, G. Savini, and
N. Whitehouse, “New artificial dielectric metamaterial and its applica-
tion as a terahertz antireflection coating,” Appl. Opt. 48, 6635 (2009).
6. P. Moseley, G. Savini, J. Zhang, and P. Ade, “Dual focus polarisation
splitting lens,” Opt. Express 25, 25363–25373 (2017).
7. R. Datta, C. D. Munson, M. D. Niemack, J. J. McMahon, J. Britton,
E. J. Wollack, J. Beall, M. J. Devlin, J. Fowler, P. Gallardo, J. Hubmayr,
K. Irwin, L. Newburgh, J. P. Nibarger, L. Page, M. A. Quijada, B. L.
Schmitt, S. T. Staggs, R. Thornton, and L. Zhang, “Large-aperture
wide-bandwidth antireflection-coated silicon lenses for millimeter wave-
lengths,” Appl. Opt. 52, 8747–8758 (2013).
8. M. H. Abitbol, Z. Ahmed, D. Barron, R. Basu Thakur, A. N. Bender, B. A.
Benson, C. A. Bischoff, S. A. Bryan, J. E. Carlstrom, C. L. Chang, D. T.
Chuss, K. T. Crowley, A. Cukierman, T. de Haan, M. Dobbs, T. Essinger-
Hileman, J. P. Filippini, K. Ganga, J. E. Gudmundsson, N. W. Halverson,
S. Hanany, S. W. Henderson, C. A. Hill, S.-P. P. Ho, J. Hubmayr, K. Irwin,
O. Jeong, B. R. Johnson, S. A. Kernasovskiy, J. M. Kovac, A. Kusaka,
A. T. Lee, S. Maria, P. Mauskopf, J. J. McMahon, L. Moncelsi, A. W.
Nadolski, J. M. Nagy, M. D. Niemack, R. C. O’Brient, S. Padin, S. C.
Parshley, C. Pryke, N. A. Roe, K. Rostem, J. Ruhl, S. M. Simon, S. T.
Staggs, A. Suzuki, E. R. Switzer, O. Tajima, K. L. Thompson, P. Timbie,
G. S. Tucker, J. D. Vieira, A. G. Vieregg, B. Westbrook, E. J. Wollack,
K. W. Yoon, K. S. Young, and E. Y. Young, “CMB-S4 Technology Book,
First Edition,” arXiv:1706.02464 (2017).
9. K. Young, Q. Wen, S. Hanany, H. Imada, J. Koch, T. Matsumura,
O. Suttmann, and V. Schütz, “Broadband millimeter-wave anti-reflection
coatings on silicon using pyramidal sub-wavelength structures,” J. Appl.
Phys. 121, 213103 (2017).
10. T. Nitta, S. Sekiguchi, Y. Sekimoto, K. Mitsui, N. Okada, K. Karatsu,
M. Naruse, M. Sekine, H. Matsuo, T. Noguchi, M. Seta, and N. Nakai,
“Anti-reflection coating for cryogenic silicon and alumina lenses in
millimeter-wave bands,” J. Low Temp. Phys. 176, 677–683 (2014).
11. T.-H. Her, R. J. Finlay, C. Wu, S. Deliwala, and E. Mazur, “Microstruc-
turing of silicon with femtosecond laser pulses,” Appl. Phys. Lett. 73,
1673 (1998).
12. C. Y. Drouét d’Aubigny, C. K. Walker, and B. D. Jones, “Laser micro-
chemical etching of waveguides and quasi-optical components,” in
“Micromachining and Microfabrication Process Technology VII,” , vol.
4557 of Proceedings of SPIE J. M. Karam and J. Yasaitis, eds. (2001),
vol. 4557 of Proceedings of SPIE, pp. 101–110.
13. T. Matsumura, K. Young, Q. Wen, S. Hanany, H. Ishino, Y. Inoue,
M. Hazumi, J. Koch, O. Suttman, and V. Schütz, “Millimeter-wave
broadband antireflection coatings using laser ablation of subwavelength
structures,” Appl. Opt. 55, 3502 (2016).
14. P. A. Gallardo, B. J. Koopman, N. F. Cothard, S. M. M. Bruno, G. Cortes-
Medellin, G. Marchetti, K. H. Miller, B. Mockler, M. D. Niemack,
G. Stacey, and E. J. Wollack, “Deep reactive ion etched anti-reflection
coatings for sub-millimeter silicon optics,” Appl. Opt. 56, 2796 (2017).
15. J. D. Wheeler, B. Koopman, P. Gallardo, P. R. Maloney, S. Brugger,
G. Cortes-Medellin, R. Datta, C. D. Dowell, J. Glenn, S. Golwala,
C. McKenney, J. J. McMahon, C. D. Munson, M. Niemack, S. Parshley,
and G. Stacey, “Antireflection coatings for submillimeter silicon lenses,”
in “Millimeter, Submillimeter, and Far-Infrared Detectors and Instrumen-
tation for Astronomy VII,” , vol. 9153 of Proceedings of SPIE (2014),
vol. 9153 of Proceedings of SPIE, p. 91532Z.
16. T. Wada, H. Makitsubo, and M. Mita, “Mono-Material Multilayer Inter-
ference Optical Filter with Sub-Wavelength Structure for Infrared and
Terahertz Optics,” Appl. Phys. Express 3, 102503 (2010).
17. A. Wagner-Gentner, U. U. Graf, D. Rabanus, and K. Jacobs, “Low loss
THz window,” Infrared Phys. Technol. 48, 249–253 (2006).
18. K.-F. Schuster, N. Krebs, Y. Guillaud, F. Mattiocco, M. Kornberg, and
A. Poglitsch, “Micro-machined quasi-optical Elements for THz Appli-
cations,” in “Sixteenth International Symposium on Space Terahertz
Technology,” (2005), pp. 524–528.
19. T.-Y. Yu, N.-C. Chi, H.-C. Tsai, S.-Y. Wang, C.-W. Luo, and K.-N. Chen,
“Robust terahertz polarizers with high transmittance at selected frequen-
cies through si wafer bonding technologies,” Opt. Lett. 42, 4917–4920
(2017).
20. Y. W. Chen and X.-C. Zhang, “Anti-reflection implementations for tera-
hertz waves,” Front. Optoelectronics 7, 243–262 (2014).
21. T. Kamizuka, T. Miyata, S. Sako, H. Imada, R. Ohsawa, K. Asano,
M. Uchiyama, K. Okada, M. Uchiyama, T. Wada, T. Nakagawa, T. Naka-
mura, I. Sakon, and T. Onaka, “Development of high-throughput silicon
lens and grism with moth-eye anti-reflection structure,” Proc. SPIE
9151, 91515 (2014).
22. K. Nakajima, K. Fujiwara, W. Pan, and H. Okuda, “Shaped silicon-
crystal wafers obtained by plastic deformation and their application to
silicon-crystal lenses,” Nat. Mater. 4, 47–50 (2005).
23. Q.-Y. Tong and U. Gösele, Semiconductor wafer bonding: science and
technology (John Wiley, New York, NY, 1999).
24. H. Makitsubo, T. Wada, H. Kataza, MakotoMita, T. Suzuki, and K. Ya-
mamoto, “Fabrication and analysis of three-layer all-silicon interference
optical filter with sub-wavelength structure toward high performance
terahertz optics,” J. Infrared, Millimeter, Terahertz Waves 38, 206–214
(2017).
25. C. Jung-Kubiak, T. J. Reck, J. V. Siles, R. Lin, C. Lee, J. Gill, K. Cooper,
I. Mehdi, and G. Chattopadhyay, “A Multistep DRIE Process for Com-
plex Terahertz Waveguide Components,” IEEE Transactions on Tera-
hertz Sci. Technol. 6, 690–695 (2016).
26. A. MacKay, “Proof of polarisation independence and nonexistence of
crosspolar terms for targets presenting n-fold (n>2) rotational symmetry
with special reference to frequency-selective surfaces,” Electron. Lett.
25, 1624 (1989).
27. M. Born and E. Wolf, Principles of Optics (Cambridge University Press,
Cambridge, UK, 1999).
28. D. M. Pozar, Microwave Engineering (John Wiley, New York, NY, 2011).
29. D. Grischkowsky, S. Keiding, M. van Exter, and C. Fattinger, “Far-
infrared time-domain spectroscopy with terahertz beams of dielectrics
and semiconductors,” J. Opt. Soc. Am. B 7, 2006–2015 (1990).
30. J. Dai, J. Zhang, W. Zhang, and D. Grischkowsky, “Terahertz time-
domain spectroscopy characterization of the far-infrared absorption
and index of refraction of high-resistivity, float-zone silicon,” J. Opt. Soc.
Am. B 21, 1379–1386 (2004).
31. P. Baumeister, “Antireflection coatings with chebyshev or butterworth
response: design,” Appl. Opt. 25, 4568–4570 (1986).
32. D. H. Morris and R. G. Michael, “Antireflection structured surfaces for
the infrared spectral region,” Appl. Opt. 32, 1154–1167 (1993).
33. J. Connors, C.-Y. E. Tong, P. K. Grimes, and S. N. Paine, to appear
in online proceedings of the 28th International Symposium on Space
Terahertz Technology, http://www.nrao.edu/meetings/isstt/index.shtml
(2017).
34. Biber, S. Richter, J. Martius, S. Schmidt, and LP, “Design of artificial
dielectrics for anti-reflection-coatings,” 33rd Eur. Microw. Conf. 3, 1115–
1118 Vol.3 (2003).
35. G. Chattopadhyay, T. Reck, C. Lee, and C. Jung-Kubiak, “Microma-
chined packaging for terahertz systems,” Proc. IEEE 105, 1139–1150
(2017).
36. F. Laermer and A. Schilp, “Method of anisotropically etching silicon,” US
Patent 5,501,893, http://www.google.com/patents/US5501893 (1996).
37. T. Reck, C. Jung-Kubiak, C. Leal-Sevillano, and G. Chattopadhyay,
“Silicon micromachined waveguide components at 0.75 to 1.1 thz,” in
Research Article Applied Optics 14
“39th International Conference on Infrared, Millimeter, and Terahertz
waves (IRMMW-THz),” (2014), pp. 1–2.
38. U. Gosele and Q.-Y. Tong, “Semiconductor Wafer Bonding,” Annu. Rev.
Mater. Sci. 28, 215–241 (1998).
39. T. Suni, Direct wafer bonding for MEMS and microelectronics, vol. 609
of VTT Publications (Espoo, Finland, 2006). Ph. D. thesis.
40. D. C. Hanna, “Astigmatic gaussian beams produced by axially asym-
metric laser cavities,” IEEE J. Quantum Electron. 5, 483–488 (1969).
41. S. Nemoto, “Waist shift of a gaussian beam by plane dielectric inter-
faces,” Appl. Opt. 27, 1833–1839 (1988).
